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S>mhct,c pepude and recombinant protein v=c= n » arc oprimally immunogenic *h--n delivered aid, an effective adjrcnt. 

Candida* vaeewe currently .nsiSda,^ immunogojc may induce a protccure irnntuniry ir the-,- could be delivered *uh more - n 

effective adjuvants For example, mmusojas d«r induor promisrng responses when administered to mice *s2i complete and ^ 

■ncompleic Freund s adjuvants perform le* pr ima« animal models where complete Franc's adjuvar.: b r.oi used W c !>< 

report the use of synthetic oUgodccxynudeoiides coniaininj; CpG motifs, the sequences or which zrz based' on \& 

^unosumul«ory baetenul DNA Sequences, to enhance the immune respo„c in Aoi „ monkeys to a synthetic pertide inalana ! Ml 

vacane. Monkeys wen: immunized uaih the syni.nc pepude PaDRE 45. a syntbene peptide eo.uinios *id Sequence* ! _J 

cjnvcd fromihe arcomsporozctte protrin (CS?) from Plasmodia,, falciparum, and delivered in an enralsias cr saline and ! fQ 

eS^IC?" V? I ™ ,ude ^ ^ S ° IUliOD - *" aU ° one of three oligodcoxynudeotidcs. Tbe rcceivbg : < 

obgcdcoxynudeot.des containing other three er four CpG motifs produced antibodies that bound a rcesrab::^ CSf> as _J 

measured w ELK A. and reacted »fch ?. fddpenan sporwoites in a sporozoite immunofiucrcsc^t tcsc. These responses uerc : ^? 

sisru&eairtly grcaier than those seen m nnisnals rercivms ihe olijodeoxynueJcoudc *itho<ii CpG rr.oiifs. These dss indicate that ! ^ 

rl e v°S^™ C01 - eanCainJn S ^ immwofieniciry of peptide immcno^ in non-hunas primates, and : ^ 

may be imnmnopoientmors useful in bwaans. © 1999 Bbcvicr Science Lid. All rights reserved. j ^ 
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1. Uoroductjcn obtained by deliverinc these vacrincs %-lth powerful 

adjuvants. Pronaising maJaria vaccines. ri=h as RTS.S 
svathenc pept.de and recombinant protein vaccines [1] and formulations containing Erythrocyte Binding 
are usually poorly immunogsnie when administered Antigen-Hi (EBA-175) [2]. m*y be significantly 
atone. Very large increases in immunogenicity can be improved simply bv using more immunogenic adju- 

va n«. In Merozoitc Surface Axitigen-1 (MSP-1 ) vac- 

. one studies performed in Aotus monkeys, only 

-Cortesponcj'ne author: TcL: +1-301-295.56,-7; f«: + !-30l-:9$. formulations containing complete Freacd's adjuvant 

* ha^ induced protection [3]. Use of ib-S adjuvant in 
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simply prohibited because of its significant side effects, 
and it cannot be considered for use in humans for the 
same reason. The need for safe but potent adjuvants 
and immunopotenriators is greater than ever, particu- 
larly in primate animal models. 

The vertebrate immune system can be activated by a 
variety of microbial components. Among these com- 
ponents are CpG dinucleotides in particular base con- 
texts found in bactrrial DNA [4,5]. CpG dinudeoudes 
arc present in the predicted frequency of 1 in 16 in 
bacteria and virus genomes, but are seen only 25% as 
frequently in mammalian DNA. and, unlike microbial 
CpG. the mammalian CpG are highly methylated [6], 
Thus, the vertebrate innate immune system may have 
evolved the ability to detect bacterial infection based 
on recognition of unmethyLated CpG motifs in the 
bacterial DNA. Most viruses have managed to evade 
the immune system by eliminating stimulatory CpG 
motifs from their genomes. Furthermore, certain ade- 
noviral genomes contain "neutralizing" CpG motifs 
that can actually inhibit immune activation by other- 
wise itnmunosumulatory CpG motifs, such as those 
commonly found in bacterial genomes [7], 

Once recognized. CpG motifs acrivarc a wide variety 
of innate immune responses. Bacterial DNA or single* 
stranded synthetic oligodeoxynudeotides (ODN) con- 
taining these immunostimulatory CpG motifs activate 
B cells to secrete IL-6 and IL-10, immunoglobulin, 
and to express increased levels of costimulatory mol- 
ecules [4.5.8-11]. Monocytes and macrophages are 
activated to secrete IL-12, leading to NK activation 
and IFN-y secretion [12-14]. Moreover. B cells, mono- 
cytes, and dendritic cells arc all activated by CpG 
ODN to have increased expression of cosrimulatory 
molecules, leading to enhanced antigen presentation 
[4,5,15,16], These data suggest the possibility that CpG 
ODN Could have an adjuvant effect inducing the anti- 
gen-specific generation of B and T cell immune re- 
sponses. Indeed, several studies have recently shown 
that CpG ODNs arc potent adjuvants for inducing 
Thl immune responses to a wide variety of antigens 
[5,17-20]. In addition. CpG motifs within DNA vac- 
cines appear to provide cssenual adjuvant activity 
since immune responses are abrogated in mice if 
potent motifs are removed or methylated [21-23]. 
However, all of these studies were performed in mice, 
and mice are often more responsive to immune stimu- 
lants than arc primates. One additional factor that 
m*y limit the applicability of these mouse data to 
humans is the recent finding that CpG motifs are 
spectes-spceinc, with the flanking bases and spacing 
between adjacent motifs determining whether a given 
CpG dinucleotide is stimulatory for a given species 
(Krieg and Davis, unpublished results!. While murine 
immune cells respond to a wide variety of CpG motifs. 



cells obtained from humans and other primates 
respond to a much more restricted subset. 

The Aotus monkey is a valuable modd to evaluate 
malaria vaccines because of its susceptibility to infec- 
tion with both Plasmodium falciparum and P. vivax 
[24]. We have already shown the possibility of using 
CpG -containing bacterial DNA to augment antibody 
responses with a DNA vaccine against heparins B in 
Aotus monke*s [25]. In that case. E. coli DNA was 
used as a general source of CpG motifs since we had 
not yet identified specific effective CpG motifs for use 
in a non-human primate such as the Aoiuz monkey. In 
any event, it is rci possible to use CpG-containing 
synthetic ODNs with plasmid DNA owing to interfer- 
ence of plasmid uptake into cells [26], Apparently, the 
synthetic nuclease resistant phosphorothioate back- 
bone of the ODN that is essential for in vivo use out- 
competes the natural phosphodi ester backbone of the 
plasmid for DNA-biuding sites on the cell membrane. 
Thus, it is necessary to clone CpG motifs into the vec- 
tor backbone, or to use a protein anugen with an 
effective CpG ODN. 

We have now ised an in vitro assay to identify CpG 
motifs that are stimulatory for Aotus monkey periph- 
eral blood mononuclear cells CPBMC) and have evalu- 
ated the efficacy of these CpG ODNs to augment in 
vivo malaria -specific responses against a peptide con- 
taining amino add sequences derived from the circum- 
sporozoite protein (CSP) from P. falciparum. 



2. Materials and methods 

Based on preliminary in vitro testing, three ODNs 
were selected for in. vivo use with the peptide vaccine: 
1 963 . TCGTCGCTGTTGTgG UlCH; 2006. 
TCGTCGTTTTGTCGTTTTGTCGTT; an d 2041, 
CTGGTCTTTCTGG 1 1 J 1 1 1 1CTGG. ODN 2041, 
lacking CpG diaudeotides, serves as the negative con- 
trol. All ODNs were synthesized under GMP. and 
with a nuclcasc-resistant phosphorothioale backbone, 
by Hybridoa Specialty Products (Milford, MA). 
Endotoxin levels in the ODNs were undetectable 
(< 1.0 EU/rog). The Na* salts of the ODN were ctha- 
nol precipitated and then resuspended in 10 mM Tris 
(pH 7.0) 1 mM EDTA for storage at -20°C before di- 
lution into saline for injection. 

2 J. Peptide 

PADRE 45 b a synthetic peptide containing amino 
acid sequences derived from the cireumsporozoite pro- 
tein (CSP) from p. faldpaiMtn. It was synthesized by 
F-moc Stepwise phase peptide synthesis using an auto- 
matic PE/ABI synthesizer with conductivity monitor- 
ing of f-moc deprotection. After synthesis, (he pcpiid* 
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was deprotcctcd and cleaved from the resin. After clea- 
vage and lyophilizatioru PADRE 45 peptide was puri- 
fied on Reverse Phase HPLC using linear gradient or 
waier.'0.I% TFA and acctorutrile/0.1% TFA. The 
Sequence of PADRE 45 is as follows: 
aKXVAAWTLKAa(PHANPNANPNVDPNANPNA- 
NPNVDPNAKPN>GGS where X « I^clobexylala- 
nine. and where upper case letter* indicate i -amino 
acids and lower case letters indicate D-amino acids. 

2.2. Monkeys 

Nine Panamanian adult (male and female) Aa^s 
Iewu*i*u$ ternvrinus (karyotype VHI or IX) monkeys 
[27] were maintained in the animal facflitv of the 
Gorgas Memorial Laboratory in Panama City, 
Republic of Panama. A orus /. kmurbxus monkeys Were 
obtained in western Panama. Upon arrival at the lab- 
oratory, each animal was given a physical examin- 
ation, weighed and sexed, identified by a metal neck 
tag with an accession number, administered thiabenda- 
zole orally for treatment of eodoparasites (100 mg 
hasc/kg), and vaccinated against Herpes simplex. 
Herpes tamarinus (New End and Regional Primate 
Research Center. Southborough, MA, USA) and 
Kltbsitlla pneumoniae [28J. The animals were housed 
and cared for as previously described [2SJ. About 1 
month after arrivaL each monkey was tattooed with 
an identification number and a thick blood film exam- 
ined to exclude naturally occurring plasm ocUal infec- 
tions. The animals remained in quarantine for a 
minimum of 90 days before being transferred to areas 
demoted to housing monkeys for malaria studies. The 
weight of the monkeys when inoculated ranged from 
700-800 g. All monkeys used in xh^pR experiments 
were wild caught adult monkeys that had been pre- 
viously infected one lime with P. falciparuirt and one 
lime with P. vivnx by the intra venous inoculation of 
infected erythrocytes. All animals received follow-up 
drug cures. None had been exposed to p m falciparum 
sporozoUcs. 

23. Immunizations 

The nine monkeys were randomly assigned to one of 
three groups, each group containing three monkeys. 
The animals received three immunizations at 3-week 
intervals. The vaccine formulations for the three 
groups were identical except for institution of a 
different ODN. Each animal received 100 ug of 
PADRE 45 and 500 (g of ODN in an emulsion of 1/3 
saline. 2/3 Hpid adjuvant. The lipid adjuvant used was 
Montanide 720 (Seppic SA, Paris), a solution of raan- 
nide oleatc in oil. An emulsion was prepared by 
repeatedly forcing the reagents through a small boie 



rube connecting rwo syringes. Each monkey received a 
single 400 ul injection in the quadriceps. 

2.4. €USa 

The ELISA was performed as previously described 
[29], with minor modification. The target antigen was 
a P. falciparum recombinant circumsporozoiie protein 
(rPftSPj, produced in E, coli m and based on the 
Sequence of the 3D? clone of the NF 5*i strain. The 
rPfCSP consists of residues ?a to 397, and contains 36 
copies of the NANP repeat and four copies of the 
NVDP repeat. Briefly, 50 H I of 0.2$ ug/ml of the 
rPfCSP in PBS was added into wells of the Immulon 
II ELISA plaiirx (Dynat*ch Laboratory Inc.. Chanrilly, 
VA) and incubated for 6 h at room temperature. The 
Wells were washed 3 times with PBS containing 0.05% 
Twean 20 (washing buffer) and incubated overnight at 
4 : C with 100 ul of 5% nonfat dry milk in PBS (block- 
ing buffer). After washing 3 rimes with washing buffer, 
the wells were incubated for 2 h with 50 jil of two- fold 
dilutions of pre-and post immunized monkej sera 
diluted in PBS containing 3% nonfat dry mflk (dilut- 
ing buffer). The wells were washed three times, incu- 
bated f or I h with peroxidase labeled goat anti-human 
IgG (H+-L) (Kirkegaard & Perry. Gaithcrsburg. MD) 
diluted 1:4000 in diluting buffer, then washed again 
three limes. The wells were incubated for 20 min with 
100 ul of a solution containing ABTS substrate (2,2' 
azino-di-3-ethylbenZThia20line sulfonate) (Kirkcgaard 
& Perry. Gailhersburg. MD) and HrO-». Color reaction 
was measured in a micro-ELISA automated reader 
(Dynatech, MR5000) at OD 410 nn. All reaction steps 
except blocking were performed at room temperature. 
The Tneau ± SD or the reading 5 of ihe quadruplicate 
assays was recorded. 

2J. Immunojhjorescent anrihnJy te$i (IF AT) 

The IFAT was performed as previously described 
[301, with a minor modifications. Briefly. 20 jil of two 
fold-dilutions of pre- and post-immunized monkey 
sera diluted in PBS were added to wells of air-dried P. 
falciparum sporozoites (NF 54 strain) and the slides 
were incubated for 20 min at 37"C The wells were 
washed three times with PBS and further incubated for 
30 min with 20 ui of J:50 dilution of fiuorescein- 
labeled goat anti-human IgG (H + L) (Kirke^aard & 
Perry, Caithersburg, MD). The wells were washed 
three times with PBS. mounted in 10% glycerol in 
PBS and examined under an Olympus UV microscope. 
The positive control was sera from volunteers immu- 
nized with radiation attenuated P. falciparum sporo- 
zoites. 
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Induction of B ctl proliferation by jpecici specinc CpG motifs, cd = not done: CelU u«=» *crc *bc;# s&ai (mow) or ~hoic PBMC tu\t 
cihcTi). The rouiu ire rtponaJ as means of stimulation indexes Tor rb indicted number cf bdivulualt corcpartJ 10 cclli cuhured in medium 
ilocc lor { H] thymidine incorporation pe/iornjed 45 previously described (3J. The prolifcradftg ctOj were id^ndfird *i B cells xisinz tow eyiomc- 
fry <noi shown). TV sumulaiioD iddcxes cannot U compared directly zerois gpcics bemuse the opcriwests ~itJi different ipcdei *ew Per- 
formed on different tlay$ 
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1965 *i 3.5 61.6 8** 

2004 U5 i.6 7.7 9V.7 ,4^ 



2.6*. Statistics 

Statistical tests were performed m SPSS for 
Windows. 8.0. 



X Results 

3.1. Selection o/CpG ODN for immunization of Aotus 
monkeys 

In previous studies, we found that the immune 
stimulator} effects of ODN containing CpG dinucleo- 
tides depended entirely on the bases flanking the 
CpGs, the number of CpGs in an oligo, and the spa- 
cing between the individual CpG motifs [4.7-10]. 
Depending on the exact motif, the adjuvant effect of 
CpG ODNs can vary enormously [7.31]. However, we 
have observed that the relative adjuvant effects of 
different CpG in mice correlate wich the level of induc- 
tion of B cell proliferation (Davis and Krieg, unpub- 
lished observation). To identify ODNs for in vivo 
immunization of Aotus monkeys, preliminary in vitro 
experiments were performed in which a panel of 
ODN'bcaring different CpG morifs were compared for 
their ability to induce proliferation of Aorus B cells, as 
well as those of humane and orhec species. This may 
be useful in predicting which ODNs may work best in 
humans. Interestingly. CpG ODN 1826, which we had 
previously reported to be an extremely potent B cell 
mitogen and adjuvant for immunization of mice [4J. 
was miiogenic for a lower primate, Macaca cynomoU 
giv* but nor for higher primates such as chimpanzees 
or humans (Tabic 1). Wc therefore screened several 
hundred ODNs bearing a wide range or CpG motifs 
for their fnitogeiiic effects on human B cells, and ident- 
ified several that were especially mitogenic (A.M. 
Krieg et al. manuscript in preparation). Two of the 
most potent ODNs. 1968 and 2006. were also found to 
be myogenic for Aotus B cells (Table 1). Therefore, 
both of these ODNs were tested in vivo for their adju- 
vant activities, with a notj-CpG ODN. 2041, included 
as a negative control. 



3*2. L i sa of CpG ODN to augment hwnoral responses 
against materia peptide 

3.2.L EUSA 

Serum samples collected at two lime- points after 
two immunizations (days 30 and 41) and samples col- 
lected at two time points after three immunizations 
(days 56 and 10) were analyzed. The OD values for 
serial dilutions of each scrura sample obtained in 
ELISA were used to calculate through interpolation 
the estimated serum dilution of a given serum sample 
required to yield an OD of 0.5. Briefly. riler-OD x.y 
pairs bracketing an OD of 0.5 were log 1<r transformed. 
the slope and y intercept calculated, then the logio titer 
at OD = 0.5 determined The antilogy of that value 
was then calculated. These value* axe displayed in F\$. 
I . There was substantial variance within groups so the 
data were trar-sforrned (Iog l0 \ and serum titers ar 0.5 
OD were compared in an independent samples /-tesi_ 
The mean log !0 - transformed serum titers of the raon- 
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Fiy,. T* 1 * strum XQlibody u icri yielding an «srimaiod OD of 0.5 
arc plotred ipinat the day ihe animals were bled. The monkeys v*er c 
immunised wiih * syaihclic peptide ccnttimng arrutto acid 5tx;ucncr3 
derived Tram the nrcusvfpororoiie protein (CSP) from P. fdltipttrum. 
Immaru^iUor^ oC=vncd on da>> I). X\ and 41 (sttowj). Each pind 
is bbelct! with \b* ODN ihc aitimaU received. Open ciceln iO> 
mJividoal animck. rJled 4uraor.<b (♦) Ir.eUou iht mean OD on 
that diy. Etin rtpftsrfti suirdani error of iha mon. 
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Fig. 2- End-pcim stnim %ruibed> titers in an ummmofluorctccn: 
anilbfldy test plciLed J&ain.u the d*y thr aouxiaLs. were bled. The 
men key 3 w»r» immunized with a synthetic peptide containing vnino 
acid sequences derived from the drcoiinsporozotie protein (CSP; 

from r. falciparum* The aniigcn *M ffrcz*-dncd A falciparum spot- 
«oitc*. Immunization* occurred eh day* 0. 21 and 41 (arro^j. 
Each panel is bbclcd %ith the ODN ibe aiuniab receded. Open cir- 
cles (O) are individual snici-ali. filled -diamonds (<4) indicate the 
mean end-poim scrum liter on thai day. Bars represent :>ran<Urd 
crrcT or ihc raeun. 

keys that received CpG ODN 196S and CpG ODN 
2006 were both significantly greater (P = 0.01 and 
? = 0.012 respectively) that the control nonCpG 
ODN 2041. The unrransformcd data were evaluated in 
a nonpararnetric test (Mann-Whitney CZ-test, two- 
railed). Again, monkeys immunized with either CpG 
ODN 1968 or CpG ODN 2006 had significantly higher 
antibody titers than did those immunized with the con- 
trol ODN 2041 (/> = 0.018 and P = 0.015, respect- 
ively). Differences between animals immunized with 
CpG ODN 1968 and CpG ODN 2006 were not signifi- 
cant. 

3.2.2. Immtoiqfluorescent antibody xejr (If AT) 

Serum samples collected at two time-points after 
two immunizations (days 30 and 41) and samples col- 
lected at two time points after three immunizations 
[days 56 and 70) were analyzed. End-point serum titers 
to P. falciparum sporozoites for these serum samples 
were !og {<r transformed and differences were evaluated 
in an independent samples r-tesc Monkeys immunized 
with either CpG ODN 1968 or CpG ODN 2006 were 
significantly different from antibody levels in animals 
immunized with the control nonCpG ODN 2041 
IP = 0.03. and Jp = 0.001, respectively). Monkeys 
immunized with CpG ODN 2006 also had significantly 
higher antibody titers than did those immunized with 
the CpG ODN J96S (P = 0.034) (Fig. 2). Mann- 
Whitney Latest (two-tailed) of untransformed values 
also showed thai antibodv levels in animals immunized 



with CpG ODN 196S and CpG ODN 2006 w ere sig- 
nificantly different from levels in animals immunized 
with the control nonCpG ODN 2041 (/» • 0.036 and 
P ~ 0.001. respectively). Monkeys immunised with 
CpG ODN 2006 also had significantly higher antibody 
titers than did those immunized with the CpG ODN 
1968 (P *> 0.05). 



4. Discussion 

This is the first report demonstrating that CpG 
ODNs can be used to enhance the immune response in 
moDkeys immunized with a synthetic peptide vaccine- 
This is a potentially valuable finding because it 
suggests that ODNs may be of use in improving the 
immune response in humans immunized with synthetic 
peptide or recombinant protein vaccines. Initial studies 
designed to define the protective poienlial of candidate 
vaccine immuoogens ("proof of principle") arc often 
done in mice using complete Freund's adjuvant. The 
inability to use this "gold standard" adjuvant has 
made the transition from mouse to primate and 
human work more difficult, became adjuvants substi- 
tuted for complete Frcund's adjuvant in primate stu- 
dies have not been as effective. The ability of CpG 
ODNs to potentiate the immunogcoicity of synthetic 
peptides when delivered with a lipid adjuvant 
(Montanidc 720 in this case) may make studies in mice 
and primates more comparable. 

In this study, both CpG ODN 1968 and CpG ODN 
2006 induced higher antibody titers, as measured in 
both ELK A and IF AT. than did the control. nonCpG 
ODN 2041. In addition, CpG ODN 2.006 slightly out- 
performed ODN 1968 as measured in IFAT. This 
difference was not seen in EL1SA. CpG ODN 2006 
contains four CpG sequences while CpG ODN 1968 
contains only three, but it is not clear whether the ad- 
ditional CpG in CpG ODN 2006- is actually respon- 
sible for its enhanced performance. 

Several features may have contributed to the adju- 
vant effect of the CpG ODN. First, the CpG ODN- 
induced B cell activation synergizes with signals 
received through the antigen receptor (4]. Thus, B cells 
that bind their specific antigen through the antigen 
receptor would be preferentially activated by CpG 
DNA. as compared to B cells that do not bind their 
specific antigen. Second, CpG ODN induces changes 
in the expression of adhesion molecules by dendritic 
cells, which mav enhance their trafficking to lymph 
nodes (15]. Third. CpG ODN enhances ihc expression 
of class If MHC and costimulatory molecules such as 
B7-1 and B7-2. which should also improve their ability 
to induce B and T cell immune responses (5.15]. 

These data suggest that CpG ODNs may be effective 
adjuvants for enhancing immune responses to peptide 
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vaccines. Preclinical safety studies indicate that CpG 
DNA is well tolerated in primates at doses up to 
10 mg/kg (A.M. Krieg el al., manuscript in prey* 
ararjon). Advantages of CpO ODNs* compared to 
other adjuvants include a lack of toxicity, the extreme 
stability of these nuclease-resisiant pnosphorothioatc- 
mcxiiiled CpG ODNs against degradation, their ease 
of formulation, and the low cost of manufacture. We 
estimate that a human dose will cost less than a dollar 
at current commercial prices for GMP grade CpG 
ODN. and possibly only cents per dose once manufac- 
turing is scaled up. Based on the in vitro studies 
shown in Tabic U it is clear that CpG ODNs uhich 
arc mitogen ic for mouse and lower primate B cells 
may not necessarily be mitogenic for those of humans 
or higher primates. Therefore, we suggest screening 
studies be performed using human cells to identify 
ODNs that may be optimal for human immunization. 
Further studies will be required to determine whether 
CpG ODN will have similar or even better in vivo 
adjuvant properties iu humans. 
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